Dietary Ca and osteocalcin (OC), parathyroid hormone (PTH), 25-hydroxyvitamin D (25-OH-D), insulin-like growth factor (IGF)-I and sex hormone binding globulin (SHBG) were assessed simultaneously to bone mineral density (BMD) in 200 adolescent girls (aged 11-15 years) and 100 young women (aged 20-23 years), selected from the lowest and highest end of the Ca intake distribution of a larger population sample. Ca intake was evaluated by food frequency questionnaires, BMD was measured by dual energy x-ray absorptiometry at ultradistal and proximal radius of non-dominant arm, bone age was estimated from x-rays of left hand and wrist according to Tanner et al. (1983) . Surprisingly, mean Ca intakes were below the dietary reference intakes in the subgroups of girls and women with the highest measured Ca consumption. Postmenarcheal, but not premenarcheal girls showed radial densities as high as the women and in no group was BMD associated with Ca intake. In all adolescents serum PTH was negatively related to dietary Ca. In girls before menarche IGF-I was positively associated with bone age, while in the same subjects the negative relationship between SHBG and BMD pointed to the crucial role of bioavailable sex steroids on bone mass apposition in early puberty. OC levels decreased progressively with age, while serum 25-OH-D significantly increased after menarche. In conclusion, although in adolescents low Ca intake has not been shown to induce any immediate deleterious effect on radial density, the compensatory hypersecretion of PTH supports the need for an adequate Ca intake to achieve peak bone mass.
Genetic and enviromental factors such as nutrition and exercise are the main determinants of skeletal mineralization (Matkovic et al. 1990; Slemenda et al. 1991; Anderson et al. 1993) . Amongst other nutrients, an adequate Ca intake during the first two decades of life contributes to the attainment of the genetically-determined maximal peak bone mass (PBM) (Sentipal et al. 1991; Johnston et al. 1992; Lloyd et al. 1993; Kanis, 1994; Chan et al. 1995; Slemenda et al. 1997) . Bone mineralization, which is gradual in childhood, strongly accelerates during pubertal development, when approximately 37 % of the total skeletal mass of the adult is accumulated (Gilsanz et al. 1988; Glastre et al. 1990; Katzman et al. 1991; Matkovic, 1992) . During the period of rapid bone growth osteocalcin (OC) increases dramatically reflecting the rate of bone formation (Johansen et al. 1988; Calvo et al. 1996) . Similarly, measurement of indirect variables allows the evaluation of bone metabolism, e.g. parathyroid hormone (PTH), a regulator of mineral homeostasis (Habener et al. 1984; Roodman, 1996) ; 25-hydroxyvitamin D (25-OH-D), a reliable indicator of vitamin D status (Sherman et al. 1990; Ooms et al. 1995) ; insulin-like growth factor (IGF)-I, an indirect index of growth and local modulator of osteoblastic activity (Jones & Clemmons, 1995) ; sex hormone binding globulin (SHBG), the major inverse determinant of bioavailable sex steroids (van Hemert et al. 1989; Selby, 1990) . To measure bone mineral density (BMD) in a young population sample, dual energy x-ray absorptiometry is the method of choice due to its great precision and accuracy with low dose of radiation (Mazess et al. 1990; Johnston et al. 1991; Boot et al. 1997) .
In the present investigation a subset of data from a multicentre study carried out in six European countries (Kardinaal et al. 1999 ) was used to assess the influence of Ca intake on radial density, evaluating simultaneously OC, PTH, 25-OH-D, IGF-I and SHBG.
Methods

Subjects
Girls (n 1079, range 11-15 years) and women (n 350, range 20-24 years) all from secondary schools in the town of Rende and from the University of Calabria (Cosenza, Italy) respectively, were randomly invited to participate in the present study. Subjects were excluded if they were not of Caucasian origin, had chronic systemic diseases related or not to bone tissue, used corticosteroids, had irregular menstruation and previous pregnancy (for the women only), had lifestyle features such as sporting activity for more than 7 h/week, were vegetarian or followed any prescribed diet (except an energy-restricted diet).
Subsequently, 722 girls and 258 women filled a food frequency questionnaire in order to select our population sample from the lowest end (100 girls and fifty women) and the highest end (100 girls and fifty women) of the Ca intake distribution. Local medical-ethical committees approved our study protocol and all subjects (or parents if required) gave their written consent.
Design
The evaluation of Ca consumption in the month before the interview was made by a twenty-item food frequency questionnaire adapted for both girls and women of an Italian population. Consumption frequency was reported in ten categories: rarely/never, on 1 day per month, on 2 days per month, on 1 day per week and subsequently on 2, 3, 4, 5, 6, 7 days per week. Portion sizes were quantified by subjects in terms of household measures (slices, spoons, cups, glasses) according to which standard weights were assigned.
To confirm in a comparable way the level of Ca intake, all subjects performed a 3 d food diary recording everything they consumed during a consecutive Wednesday, Thursday and Friday, the week before their visit to our Institute (Hartman et al. 1990; Larkin et al. 1991) . Food item and quantity, and recipes of composite dishes were recorded and if necessary the parent responsible for meal preparation was invited to assist in completing the food diaries. Mean daily consumption of food products was then used to calculate Ca intake (mg/d) using the Italian food composition tables (Carnovale & Miuccio, 1989) . The same investigator measured height and weight (by which BMI was calculated) and pubertal stages were assigned to girls according to the method of Tanner (1978) .
Experimental techniques
Bone mineral content and bone area were measured by dual energy x-ray absorptiometry (DXA Osteoscan, Nederburg BV, Bunschoten, The Netherlands) in the non-dominant arm at the ultradistal and proximal radius (one-third distal point between the styloid process and the tip of olecranon of the elbow) representing the trabecular and cortical bone components respectively (Leboff et al. 1992) . Bone mineral content (g) divided by the projected area of the bone was used to calculate BMD (g/cm 2 ) as a means of normalizing result for bone size. The same two technical operators collected all densitometric data calibrating the osteoscan every day against a reference phantom. The CV for ten measurements of the same subject (with repositioning) was 2⋅15 % for ultradistal-BMD and 1⋅75 % for proximal-BMD. Left hand and wrist x-ray was performed in girls to establish bone age according to the method of Tanner et al. (1983) .
Morning (08.00 hours) blood samples during early spring season were drawn from each subject after an overnight fast to measure serum levels of OC, PTH, IGF-I, SHBG and 25-OH-D. After collection blood samples were immediately centrifuged and portions of serum stored at −70Њ to perform the assays in duplicate.
Serum intact OC concentrations were measured by immunoradiometric assay (Diagnostic System Laboratories, Inc., Webster, TX, USA). The intra-and inter-assay CV were 2⋅9 % and 4⋅7 % respectively. Serum intact PTH was determined by immunoradiometric assay (ICN Pharmaceuticals, Inc., Costa Mesa, CA, USA). The intra-and inter-assay CV were 3 % and 5⋅2 % respectively. IGF-I concentrations were quantified by immunoradiometric assay (Diagnostic System Laboratories, Inc.) after HClethanol extraction in order to remove binding protein interference. Serum samples were diluted 250-fold before assay. The intra-and inter-assay CV were 3⋅2 % and 4⋅7 % respectively. Serum SHBG levels were measured by immunoradiometric assay (Diagnostic System Laboratories). The intra-and inter-assay CV were 2⋅8 % and 8⋅8 % respectively. Serum levels of 25-OH-D were determined after extraction with acetonitrile by radioimmunoassay kit (Incstar Co., Stillwater, MN, USA). The intra-and inter-assay CV were 7⋅8 % and 8⋅6 % respectively.
Statistical analysis
Statistical analysis was performed separately for girls and women selected according to low and high Ca intake calculated from the food frequency questionnaires. Data for all variables were presented as means with their standard error. Comparisons of means were made using unpaired Student's t test and relationships between variables were identified by linear regression analysis. In this present investigation P values Ͻ0⋅05 were considered significant. Table 1 shows anthropometric characteristics and dietary Ca of the two subgroups of girls and women selected following the criteria indicated in methods section (see Subjects section). Surprisingly, we found Ca intake values below the dietary reference intakes (Vedral, 1997) in both subgroups of girls and women with high measured Ca consumption (Table 1) .
Results
Postmenarcheal, but not premenarcheal girls showed radial densities as high as the women, and in no group was BMD influenced by Ca intake (Fig. 1) . PTH was the only variable related to dietary Ca in all girls, being significantly elevated in adolescents with low Ca intake ( Table 2) . Serum OC progressively decreased after menarche occurrence and furthermore in young women (Table 2 ). In pre-and postmenarcheal girls OC was inversely related to BMD in the ultradistal and proximal radius (r −0⋅57, P Ͻ 0⋅001 and r −0⋅35, P = 0⋅006 respectively), while only in the postmenarcheal group was it negatively related to bone age (r −0⋅66, P Ͻ 0⋅001). In 
Fig. 1. Bone mineral density (BMD) at ultradistal (ud) and proximal (pr) radial sites in girls before (A) and after menarche (r) and in women (m) at low and high calcium intakes (CI). Mean values were significantly different in girls before and after menarche and in women compared with girls after menarche; * P Ͻ 0⋅001. 
adolescents after menarche 25-OH-D increased to levels observed in young women (Table 2) . IGF-I and SHBG values showed no difference in girls according to menarche event, but both variables decreased in young women although in the latter group not significantly so (Table 3) . Moreover, in girls before menarche IGF-I was positively associated to pubertal stages (Fig. 2) as well as to bone age (Fig. 3) .
It is worthwhile noting that SHBG, an inverse determinant of free sex steroid fractions, was negatively related to both radial densities in premenarcheal girls (ultradistal BMD: r −0⋅33, P Ͻ 0⋅05 and proximal-BMD: r −0⋅35, P Ͻ 0⋅05 respectively) as well as to bone age in postmenarcheal girls (r −0⋅42, P Ͻ 0⋅05).
Discussion
In this present investigation elevated levels of PTH and normal radial density were found in adolescent girls who consume low dietary Ca. Our data on BMD are comparable with those reported in a recent cross-sectional multicentre study (Kardinaal et al. 1999) suggesting no evidence of the role of dietary Ca in the attainment of PBM, as generally observed (Glastre et al. 1990; Katzman et al. 1991; Southard et al. 1991; Kröger et al. 1993; Young et al. 1995) . Nevertheless, in other studies Ca consumption at more than adequate levels from foods or supplements has been attributed to the achievement of maximum PBM (Matkovic et al. 1990; Lloyd et al. 1993 ) and subjects consuming greater quantities of Ca early in life had greater bone mass later on (Halioua & Anderson, 1989; Murphy et al. 1994) .
To date, in this study Ca intake below the dietary reference intake (Vedral, 1997) in low as well as high Ca consumers could be responsible for the lack of difference in BMD between these subgroups. However, adolescents of the low subgroup had elevated serum PTH levels as hormonal compensatory mechanism and apparently had no deleterious effects on BMD. These changes would last as long as there was an increased requirement by the bone for Ca, since the integrated actions of PTH allow the regulation of mineral homeostasis increasing intestinal absorption as well as the kidney transport of Ca and P (Habener et al. 1984) .
With respect to OC, the main marker of bone formation, we found maximal values in premenarcheal girls and a progressive decrease in postmenarcheal girls as well as in women. It has been previously reported that during the process of skeletal accretion OC levels reflect bone growth rates, exhibiting peak values in early puberty (Rubin et al. 1993; Blumsohn et al. 1994) . Indeed, in vitro studies confirmed the pattern of OC increase which was associated to the progressive osteoblastic differentiation and mineralization (Harris et al. 1995; Calvo et al. 1996) .
In girls both before and after menarche IGF-I levels remained significantly higher compared with those of women, which is in agreement with other observations showing high levels of IGF-I during whole pubertal development (Cara et al. 1987; Blumsohn et al. 1994; Juul et al. 1994) . Indeed, a positive association between serum free IGF-I and growth rate acceleration has been recently reported (Kawai et al. 1999 ) as well as a strong 114 D. Bonofiglio et al. Mean value was significantly different from that of pre-and postmenarcheal girls: *** P Ͻ 0⋅001 (Student's t test).
Fig. 2.
Relationship between serum insulin-like growth factor (IGF)-I and Tanner stages (Tanner, 1978) in girls before menarche; P Ͻ 0⋅01 (linear regression analysis). correlation between IGF-I and some markers of bone turnover (Collins et al. 1998) . Interestingly, BMD was negatively related to SHBG (an indirect index of bioavailable oestrogen levels) in premenarcheal girls emphasizing the influence of sex steroids on bone maturation even before menarche onset (Turner et al. 1994; Saggese et al. 1997) .
Evaluating serum 25-OH-D, the major form of vitamin D in humans reflecting sunlight exposure and dietary intake (Lawson et al. 1979; Chesney et al. 1981; Sherman et al. 1990; Ooms et al. 1995) , we failed to find correlations with the other variables determined. However, enhanced levels of 25-OH-D were present in post-v. premenarcheal girls, probably due to the up regulation of vitamin D binding protein by increased oestrogen secretions (Cooke & Haddad, 1989) .
The present study suggests that hormonal changes related to menarche occurrence strongly contribute to bone mass apposition, which is apparently irrespective of dietary Ca. The elevated PTH levels in adolescent low Ca consumers could have a potentially adverse effect on bone metabolism. Since we cannot predict whether this mechanism would become exhausted later on, an adequate Ca intake should be provided to our subjects to normalize serum PTH and to ensure the achievement of maximal PBM. On the basis of PTH enhancement supporting the actual need for Ca, we suggest consumption of the amount of this mineral as recommended by the dietary refence intake (Vedral, 1997) instead of that indicated in the main recent multicentre study (Kardinaal et al. 1999) .
